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Particle size fractionation and
chemical speciation of REE in a
lateritic weathering profile in
Western Australia

Introduction

Physical and chemical weathering of rocks and minerals
leads to soil formation. During this processes, mineral
transformations result in a mass flux change of elements
within the mineral assemblage and among particle size
fractions, which yields information on element partitioning
and transportation within a profile. The concentration of
metals in soils increases with decreasing particle size (Al-
Rajhi et al. 1996; Ljung et al. 2006; Acosta et al. 2009)
because fine particles usually have a larger specific surface
area capable of retaining higher amounts of metals (Wang
et al. 2006), or alternatively, metals are co-precipitated
with fine-grained secondary minerals. In the course of
weathering, weathered regolith shifting into smaller particle
sizes can result in the relative accumulation of the REE as
refractory elements (Caspari et al. 2000).

However, the substantial influence that the particle
size exerts on the abundance and redistribution of REE
in lateritic regolith is not well known. Most of the studies
on the geochemical behavior of REE during supergene
weathering concentrate on bulk regolith. Therefore, a
systematic understanding of the occurrence of REE in
different grain size fractions of lateritic regolith is needed.
Understanding grain size effects would assist pedological
interpretation of the fate of REE, and assessment of
plant availability of REE under natural environmental
conditions.

Currently, in uncontaminated soils, two different
approaches for determining trace element location
and associated phases are used: physical fractionation
and chemical methods (especially sequential selective
extraction). Although the sequential extraction method
suffers from relying on operationally defined fractions,
lack of selectivity for the potential for trace element
redistribution and re-adsorption among phases during
extraction, it is still considered useful for investigation of
associated phases of trace metals in soils by many research
workers (e.g. Cao et al. 2000; Aubert et al. 2004). The
reactivity or mobility of REE largely depends on their
chemical speciation in weathered profiles, however, few
studies have dealt with the speciation of REE in non-
contaminated soils (Aubert et al. 2004), especially in
natural weathered profiles.
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The objective of this study is to determine the
distribution and fractionation of REE in various particle
size fractions and associated phases. The concentrations of
REE in different particle size fractions and extracted phases
are quantified and fractionation of REE with respect to
those fractions and phases are discussed.

Materials and Methods
Description of the study areas and sampling

The profile studied (JG) is located at the Jarrahdale
Railway cutting (32°17°46”S, 116°5°40”E), 45 m from Alcoa
Road, 80 km south-east of Perth in the Darling Range,
Western Australia, at an average elevation of 270 m above
sea level (Fig. 1). The investigated lateritic JG profile is ca.
12 m deep overlying meta-granitoids. The meta-granitoid is
intruded by a dark-colored dolerite dyke, which is seen at
the base of the cutting by the contrasts in color and texture
of the parent rock and weathered products. The profile
is clearly zoned and consists of parent meta-granitoids,
saprolite, mottled clay, ferruginous mottled zone,

ferruginous duricrust, upper ferruginous zone and horizon
A regolith (Fig. 1). The mottled clay is pale white kaolinite-
rich, consisting of a lower zone (JG2) at 8.6 m depth and an
upper zone (JG3) at 6.5 m depth. The ferruginous duricrust
(3 m depth) is gibbsite and goethite rich. The upper
ferruginous zone (JG6, 1.5 m depth) is rich in red iron
nodules. In contrast, the horizon A regolith (JG7-10, <1
m depth) is gravely sandy soil rich in dark brown to black
loose nodules. The sampling of the profile was conducted
on the 6th August, 2009. Based on the different properties
(e.g. texture, color, coarse fragment content), each zone was
identified and sampled at the depth given above in a 10x10
cm square and put into a sealed plastic box and transported
to the laboratory and air dried.

The lateritic profiles at Jarrahdale are commonly
considered to have undergone a long period (ca. 2650 Ma
by Brimhall et al. (1994)) of in-situ intense weathering

continued on page 4
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Figure 1 Location of sampling site in Western Australia, showing lateritic regolith profile (JG). The dashed line presents the western
margin of the Darling Fault (known as Darling Range, (Gozzard 2007)).

(Sadleir & Gilkes 1976; Anand et al. 1991; Anand &
Paine 2002; Anand & Butt 2010). Sadleir & Gilkes (1976)
described in detail the lateritic profile at this site and
showed significant depletion of Si in the upper part of
profile consistent with intense weathering but preservation
or enrichment of Al and Fe. The chemical weathering and
mineralogy of regolith from lateritic bauxite in the Darling
Range have been investigated in a number of studies (e.g.
Anand et al. 1991; Anand & Paine 2002; Kew & Gilkes,
2007).

Analytical Methods

Pretreatment of the regolith samples included
separation and weighing of each part of soil subsamples into
a gravel (>2 mm) fraction, represented by ‘g’ and matrix
(<2 mm) fraction, represented by ‘m’, with the exception
of the mottled clay and saprolite, which have only matrix
fractions. The fractions of matrix and gravel were oven
dried at 105 °C overnight and ground to < 200 wm prior to
fusion in order to determine trace element concentrations.
The regolith matrix was further separated into the following
three size fractions recommended by the International

Society of Soil Science (ISSS) (Prescott et al. 1934; Marshall
1947, 2003): clay (<2 um), silt (2-20 um) and sand (>20
wm) using the sedimentation and wet sieving methods (Day,
1965). Different particle size fractions were rinsed with
deionized water three times, oven dried at 105 °C overnight
and ground to < 200 um prior to fusion. The matrix fraction
(<2 mm) was used to determine the pH and total carbon
(Table 1). Soil pH was determined potentiometrically in
the supernatant in a 1:5 suspension of soil: deionized water
(Rayment & Higginson 1992) and soil total carbon was
determined by Elementar (Vario Macro, Hanau, Germany).
To investigate extracted phases and association behavior
of trace elements, a sequential extraction procedure
was performed. The matrix fraction (< 2 mm) from
the saprolite (JG1m), upper mottled clay (JG3m) and
ferruginous duricrust (JG5m) were selected. An in-house
laboratory reference material was prepared together with
selected samples. Regolith trace elements were extracted
as five species (modified from Hall et al. 1996): (a) water
soluble, adsorbed, and exchangeable and carbonates bound

continued on page 5
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Table 2. The residual samples and
reference materials were rinsed with
deionized water three times and oven
dried at 105 °C overnight, then were
ground to <200 um prior to fusion.
Trace elements, including REE,
in 10% HCI dissolved fusion beads
were determined by inductively
coupled plasma-mass spectroscopy
(ICP-MS) by Genalysis Laboratory
Services of Intertek Commodities
in Maddington, Western Australia.
Certified international standard

Table 1 Selected properties of regolith matrix fraction (< 2 mm) from the JG profile.
Sample Depth soil pH' clay% silt% sand% TC? Description
(m) (H20) <2pym 2-20pm >20um %
JG7 0.02 5.50 8.4 6.8 84.8 6.06 Horizon A
JG8 0.15 5.59 7.0 6.5 86.4 2.19 Horizon A
JG9 0.3 5.54 5.8 6.3 87.9 1.06 Horizon A
JG10 0.4 5.47 6.8 6.5 86.7 0.73 Horizon A
JG6 1.5 5.60 4.3 25 93.2 0.47  Upper ferruginous zone
JG5 3.0 5.08 6.5 3.5 90.0 0.30 Ferruginous duricrust
JG4 5.0 4.90 9.0 7.5 83.5 0.20 Ferruginous mottled zone
JG3 6.5 4.55 28.3 7.3 64.4 0.08 Upper mottled clay
JG2 8.6 3.76 29.6 8.5 61.8 0.17 Lower mottled clay
JG1 10.0 3.34 27.0 15.4 57.7 0.27 Saprolite
' pH was determined in a 1:5 suspension of soil: deionized water
2TC refers to total carbon, determined by Elementar, Vario Macro, Hanau, Germany.

materials, including stream sediment
reference material STSD-2, STSD-

(WAE); (b) organic matter and sulphide bound (Org); (c)
amorphous Fe-Mn (hydr) oxide bound (Am); (d) crystalline
Fe-Mn (hydr)oxide bound (Cry) and (e) residual phase
(Res). Since carbonates were unlikely to be present in the
regolith being studied here (Anand & Paine 2002) due to
low pH, species WAE is considered to include mainly water
soluble, adsorbed or exchangeable elements. Sulphides are
also scarce in the lateritic regolith, therefore it is assumed
that the Org phase is mainly hosted by organic matter
complexes. A brief summary of the method is shown in

4 (Canada Centre for Mineral and
Energy Technology, CANMET) and an in-house standard
material were prepared in the same way as the routine
samples and analyzed together with samples to monitor
the accuracy and precision. The variation between tested
values and expected values was within 10% of the certified
values. The concentrations of REE in different particle size
fractions are given in Table 3 with REE chemical species in
Table 4.

Polished thin sections of air dried resin-impregnated

continued on page 6
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regolith and outcrop samples were prepared and examined nA beam current. Standard REE-bearing references for
using a JEOL JSM-6400 scanning electron microscope microprobe calibration were synthetic glasses 612 from
(SEM) by means of secondary electron (SE) and National Institute of Standards and Technology (NIST) and
backscattering electron (BSE) imaging, equipped with a in-house standard synthetic phosphates; standard Brazil
Link analytic energy dispersive spectrometer (EDS) to monazite was analyzed with samples for cross checking.
determine textures, morphology and phase composition All microscopy analyses were conducted at the Centre

of individual grains at 15kV accelerating voltage with 3 for Microscopy, Characterisation and Analysis (CMCA),
nA beam current. Chemical composition of REE-bearing University of Western Australia. Detection limits for
minerals were analyzed for selected representative elements determined by EMPA are listed in Appendix 1.
mineral grains using a JEOL 8530 electron probe micro-

analyzer (EPMA) at 20 kV accelerating voltage and 5 continued on page 7

Table 2. Sequential extraction procedures of REE in lateritic regolith

Step Speciation Reagent
a water soluble, adsorbed, and To 1 g of soil sample, add 20 mL of 1.0M CH;COONa (adjust to pH 5 with CH;COOH),
exchangeable (WAE) room temperature (25°C), shake 6h, centrifuge for 15min at 3000 rpm; rinse with 5 mL
H,O twice, mark 30 mL; repeat.
b organic matter bound (Org) Add 40 mL 0.1M Na,P.O-, room temperature (25°C), shake 1h, centrifuge; repeat;
rinse with 5 mL H,O twice, mark 50 mL; repeat.
c amorphous Fe (hydr)oxide Add 20 mL 0.25M NH,OH-HCI in 0.25M HCI, vortex, water bath at 60°C for 2h,
bound (Am) centrifuge; rinse with 5 mL H,O twice, mark 30 mL; repeat.
d crystalline Fe (hydr)oxide Add 30 mL 1.0M NH,OH-HCl in 25%CH;COOH, vortex, water bath at 90°C for 3h,
bound (Cry) centrifuge; rinse with 10 mL 25% CH;COOH twice, mark 50 mL; repeat.
e residue (Res) MilliQ water wash residue three times, oven dry at 60°C. Fuse with 12:22 Norrish flux

(Lithium metaborate/ Lithium tetraborate), dilute with 100 mL of 10% HCI.

Table 3
sample Element concentrations (ppm)
La Ce Pr Nd Sm Eu Gd Tb Dy Ho FEr Tm Yb Lu Y
d.l. 0.1 0.1 0.1 041 0.1 0.1 0.1 0.1 01 01 01 01 01 0.1 0.1
Saprolite JG1sand 0.3 0.6 b.d. 0.3 0.2  b.d. 0.1 bd. 01 bd 01 bd 02 bd 1.0
JG1silt 1.3 23 0.2 0.9 0.3  bd. 03 bd 03 bd 03 bd 05 0.1 2.2
JGiclay 1.2 20 02 0.8 0.2  b.d. 0.1 bd. 01 bd. 01 bd 02 bd 0.8
JG1matrix 1.3 24 02 1.1 0.3 0.1 0.3 00 0.2 00 02 00 03 o0.1 1.3
Lower mottled clay JG2sand 3.4 4.6 0.4 1.0 0.3 b.d. 0.2 bd. 02 bd 02 bd 03 bd 1.3
JG2silt 1283 173 15 41 0.9 0.1 0.8 0.1 08 02 07 01 10 02 5.6
JG2clay 9.1 12.1 1.0 2.4 04  b.d. 03 bd. 03 bd 02 bd 03 bd 1.6
JG2matrix 5.2 7.5 0.6 1.7 0.3 0.1 0.2 0.1 0.3 0.1 0.3 0.1 05 0.1 2.1
Upper mottled clay JG3sand 7.0 99 10 25 04  bd. 03 bd 04 01 04 bd 07 02 2.9
JG3silt 270 382 35 9.7 1.7 0.3 1.2 02 1.4 04 1.1 02 17 03 102
JG3clay 22.6 30.2 2.8 7.7 1.1 0.2 0.8 0.1 0.8 0.2 04 bd. 05 0.1 4.0
JG3matrix 10.5 148 1.3 3.6 0.6 0.1 0.5 0.1 04 01 03 01 04 0.1 2.7
Ferruginous mottled JG4sand 4.5 16.0 0.7 2.0 0.4 b.d. 0.3 bd. 03 b.d 0.2 bd. 03 bd 1.8
zone JGd4silt 20.2 40.7 3.4 108 2.2 0.4 1.7 0.3 1.9 0.5 1.6 03 22 0.5 12.6
JG4clay 251 405 46 1438 2.8 0.5 2.0 03 17 04 10 02 1.1 0.2 7.8
JG4matrix 7.8 19.0 1.1 4.3 0.9 0.1 0.7 01 07 02 06 01 07 02 4.5
JG4gravel 5.0 107 0.6 1.9 0.3 0.1 0.7 0.0 0.4 0.1 0.2 00 04 0.1 2.1
Duricrust JG5sand 57 358 08 2.4 0.5 b.d. 04 bd. 05 bd 03 bd 04 bd 25
JGb5silt 13.8  61.1 2.4 7.7 1.6 0.3 1.1 02 1.2 03 09 02 12 02 7.3
JG5clay 14.9 63.2 29 1041 2.1 0.4 15 0.2 1.3 0.3 0.8 0.1 1.0 0.2 5.8
JG5matrix 6.1 372 09 3.0 0.6 0.1 0.7 0.1 05 01 03 01 05 0.1 3.2
JG5gravel 6.0 224 07 2.4 0.4 0.1 1.6 0.1 04 01 02 00 03 o0.1 2.0
Upper ferruginous JG6sand 7.2 21.9 1.5 5.0 11 0.2 1.0 0.2 11 0.3 0.8 0.1 0.9 0.2 6.8
zone JG6silt 146  60.1 3.1 103 2.0 0.3 1.8 03 20 05 15 03 18 04 131
JGéclay 17.2 121 43 1438 2.9 0.6 25 04 22 05 13 02 12 02 131
JGBmatrix 7.8 28.8 1.6 5.7 1.1 0.2 1.3 0.2 1.2 0.3 0.9 02 1.1 0.2 7.6
JG6gravel 75 270 17 6.5 1.4 0.3 1.4 02 14 03 09 02 10 02 5.3
Meta-granitoids Average PR 279 474 43 140 21 0.5 1.8 02 1.0 02 08 02 1.1 0.2 8.5

Table 3. Concentrations of REE in different particle size fractions in the lateritic JG profile in Western Australia. b.d. refers to values
below detection limit; Average PR refers to average value of each REE in parent meta-granitoids.
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G‘SFloading =1 OO X ( n)(i X GSI
E X x Gs,

i=1

)

Calculation of mass loading of REE in particle size fraction
To index an element’s partitioning into different
particle size fractions, a mean element mass loading was
calculated based on its concentration in a selected grain

size of known mass percent (Sutherland 2003).

Where:

X; is the concentration of REE (ppm) in an individual grain
size fraction (e.g. <2 um);

GS; is the mass percentage of an individual fraction, which
has limits of 0-100%.

GSFouaine 1 the element mass loading in a selected grain
size and the summation of GSFq.qin, indices for each soil
sample equals 100%.

In the ferruginous zone, four classes of particle sizes
(clay, silt, sand and gravel) were defined and three in the
mottled clay zone and saprolite (clay, silt and sand). Thus,
if the REE concentration for a given fraction is very high
but it forms only a small portion of the overall sample mass,
the contribution of this fraction to the total sample REE
loading will be minimal. The mass loading of each fraction
of regolith samples are listed in Table 5.

Results
Concentrations of REE in different particle size fractions

In the lateritic profile studied (JG), silt and clay
fractions generally contained the highest concentrations
of REE, except in the saprolite (Fig. 2). In the ferruginous
zone (from JG6 to JG4, 1.5-5 m depth) clay contained
the highest concentrations of LREE (from La to Nd),
followed by the silt fraction. In the duricrust (3 m depth)
and ferruginous mottled zone (5 m depth), however, gravel
was abnormally enriched in Ce. Concentrations of LREE in
matrix were slightly higher than in sand in the ferruginous
zone. In the mottled clay (6.5-8.6 m depth) and saprolite
(10 m depth), the relative concentrations of LREE from
high to low were: silt> clay > sand. MREE (from Sm to
Ho) had different distribution patterns between the particle
size fractions. From Sm to Gd, closer to LREE, the highest
concentrations were in the clay fraction in the ferruginous
zone but in the silt fraction in the mottled clay zone. From
Tb to Ho, closer to HREE, silt fraction had the highest
concentrations except the duricrust and upper ferruginous
zone. HREE (from Er to Lu) and Y, showed mostly
consistent distribution patterns. The silt fraction contained
the highest concentration of HREE throughout the profile
followed by the clay fraction in the ferruginous zone. In the
saprolite and mottled clay, both clay and sand fractions had
similar HREE concentrations.

continued on page &

Table 4
Sample Element concentrations (ppm)

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y
d.l. 0.001 0.001 0.001 0.001  0.001  0.001 0.001  0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001

JG1_WAE 0.140 0.290 0.040 0.149 0.082 0.007 0.021  0.003 0.017 0.004 0.013 0.002 0.018 0.003 0.055

JG1_Org 0.008 0.009 0.002 0.006  0.003 b.d. 0.001 b.d. 0.002 b.d. 0.001 b.d. 0.002 b.d.  0.007
JG1_Am 0.016 0.032 0.004 0.013  0.004 b.d. 0.003 b.d. 0.003 b.d. 0.002 b.d. 0.003 b.d. 0.016
JG1_Cry 0.023 0.014 0.001 0.003  0.001 b.d. 0.001 b.d. 0.001 b.d. b.d. b.d. 0.001 b.d.  0.007
JG1_Res 1.1 1.9 0.2 0.7 0.2 b.d. 0.2 b.d. 0.2 b.d. 0.2 b.d. 0.3 b.d. 1.3
JG3_WAE 0.938 0.905 0.168 0.531 0.083 0.018 0.086 0.014 0.070 0.016 0.041 0.006 0.031 0.005 0.277
JG3_Org 0.022 0.019 0.004 0.013  0.002 b.d. 0.002 b.d. 0.002 b.d. 0.001 b.d. 0.003 b.d. 0.012
JG3_Am 0.130 0.200 0.028 0.098 0.019 0.004 0.018 0.003 0.016 0.003 0.010 0.002 0.009 0.002 0.098
JG3_Cry 0.053 0.079 0.008 0.028 0.005 b.d. 0.004 b.d. 0.004 b.d. 0.002 b.d. 0.002 b.d.  0.023
JG3_Res 9.2 13.0 1.1 2.8 0.5 b.d. 0.3 b.d. 0.3 b.d. 0.2 b.d. 0.4 0.2 2.0

JG5M_WAE  0.422 2.744 0.149 0.586 0.146  0.031 0.102 0.015 0.073 0.014 0.037 0.005 0.030 0.005 0.164
JG5m_Org 0.031 0.563 0.015 0.058 0.014 0.003 0.009 0.001 0.006 0.001 0.005 0.001 0.012 0.003 0.028
JG5M_Am 0.127 2.553 0.054 0.221  0.060 0.012 0.042 0.007 0.038 0.008 0.020 0.003 0.020 0.003 0.108
JG5m_Cry 0.049 1.450 0.011 0.039 0.010 0.002 0.006 0.001 0.007 0.001 0.004 b.d. 0.004 b.d. 0.027
JG5m_Res 6.0 271 0.8 25 0.5 b.d. 0.3 b.d. 0.4 b.d. 0.3 b.d. 0.4 b.d. 2.4

Table 4. Concentrations of REE in different chemical species of representative regolith in the JG profile in Western Australia. All
REE determined in extracted WAE, Org, Am and Cry have 0.001 ppm detection limit whereas in Res (fusion method) have 0.1 ppm
detection limit by ICP-MS. b.d. refers to values below detection limit.
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Table 5
Sample Mass loading (%)
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y

JG1sand 24.9 27.9 n.a. 32.8 53.6 n.a. 441 n.a. 441 n.a. 441 n.a. 46.9 n.a. 51.0
JG1silt 28.7 28.5 36.3 262 214 n.a. 35.3 n.a. 35.3 n.a. 35.3 n.a. 31.2 n.a. 29.9
JG1clay 46.5 43.5 63.7 409 25.0 n.a. 20.6 n.a. 20.6 n.a. 20.6 n.a. 21.9 n.a. 19.1
JG2sand 36.0 36.0 36.8 36.8 487 n.a. 44.0 n.a. 44.0 n.a. 51.0 n.a. 51.6 n.a. 45.8
JG2silt 18.0 18.7 19.1 208 20.2 n.a. 24.3 n.a. 24.3 n.a. 24.6 n.a. 23.7 n.a. 27.2
JG2clay 46.1 45.3 441 423 31.1 n.a. 31.6 n.a. 31.6 n.a. 24.4 n.a. 24.7 n.a. 27.0
JG3sand 35.0 36.0 36.9 358 372 n.a. 38.1 n.a. 44.0 42.9 57.1 n.a. 61.2 72.0 49.5
JG3silt 15.2 15.7 15.3 157 17.8 27.8 17.2 33.9 17.4 19.4 17.7 n.a. 18.1 12.2 20.0
JG3clay 49.7 48.3 47.8 485 45.0 72.2 44.7 66.1 38.7 37.7 25.1 n.a. 20.7 15.8 30.5
JG4sand 34.6 14.6 34.9 327 349 n.a. 24.6 n.a. 31.1 n.a. 31.2 n.a. 33.4 n.a. 33.1
JG4silt 14.0 3.3 15.2 159 173 24.0 12.6 28.6 17.7 30.1 22.4 32.9 22.0 39.0 20.9
JG4clay 20.8 4.0 24.7 26.1 26.3 36.0 17.7 34.3 19.0 28.8 16.8 26.3 13.2 18.7 15.5
JG4gravel 30.6 78.1 25.2 253 215 40.0 451 37.2 32.2 411 29.6 40.9 31.3 42.3 30.5
JG5sand 43.0 13.6 44.7 418 46.2 n.a. 18.9 n.a. 49.1 n.a. 48.5 n.a. 47.7 n.a. 48.0
JG5silt 41 0.9 5.2 5.2 5.8 9.4 2.0 8.1 4.6 11.2 5.7 12.9 5.6 9.3 5.5
JG5clay 8.1 1.7 11.7 12.7 140 23.3 5.1 15.0 9.2 20.8 9.4 12.0 8.6 17.4 8.1
JG5gravel 44.8 83.8 38.3 40.3 34.0 67.4 74.0 76.9 37.1 68.0 36.5 751 38.2 73.3 38.4
JG6sand 15.9 13.6 14.8 13.2 134 12.7 12.4 15.3 13.6 171 15.3 11.8 15.0 18.1 20.2
JG6silt 0.9 1.0 0.8 0.7 0.7 0.5 0.6 0.6 0.7 0.8 0.8 0.9 0.8 1.0 1.0
JG6clay 1.7 3.4 1.9 1.8 1.6 1.7 14 1.4 1.2 1.3 1.1 1.1 0.9 0.8 1.8
JG6gravel 81.5 81.9 82.5 84.3 844 85.1 85.6 82.7 84.5 80.9 82.8 86.2 83.2 80.1 77.0

Table 5. Mass loading of REE in different particle size fractions in a lateritic profile in Western Australia. n.a. refers to not available
since the element concentration was below the detection limit.

Mass loading of REE in different particle size fractions
Given the mass percentage of each particle size, the
mass loading of selected REE in each particle size fraction
was plotted in Fig. 3. Although silt and clay fractions had
the highest concentrations of REE, their relatively low mass
percentage compared with other fractions minimized the

enrichment.

In the ferruginous zone, gravel dominated the
distribution and abundance of Ce, with up to 84% Ce in
the duricrust. In the upper ferruginous zone (1.5 m depth),

gravel and sand accounted for more than 95% mass of

REE, decreasing to ca. 80% in duricrust (3 m depth) and
ca. 60% in ferruginous mottled zone (5 m depth). In the

duricrust, the mass loading of each REE was higher in

the clay fraction than the silt fraction. In the ferruginous

mottled zone, however, REE were fractionated; the mass

loadings of LREE and MREE were higher in the clay

fraction and the mass loading of HREE higher in the silt

fraction.

From the upper mottled clay to the saprolite (JG3-JG1,
6.5-10 m depth), the regolith does not contain gravel. The
clay fraction was the most important host for LREE in these
zones (6.5-10 m depth), especially in the upper mottled
clay zone (6.5 m depth) with ca. 48%-50% LREE was in
the clay fraction. Higher mass loadings of HREE (44%-
61%), however, were found to be in the sand fraction in the
saprolite and mottled clay. The mass loading of REE in the
silt fraction increased with depth from upper mottled clay to

saprolite. continued on page 9
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Figure 2. Concentrations of REE in different particle size fractions in the JG profile developed on meta-granitoids in
Jarrahdale, Western Australia.
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Figure 3. Mass loading of REE in different particle size fractions in the JG profile developed on meta-granitoids in Western Australia
(JGO6-upper ferruginous zone, 1.5 m depth; JG5-ferruginous duricrust, 3 m depth; JG4-ferruginous mottled zone, 5 m depth; JG3-up-
per mottled clay, 6.5 m depth; JG2-lower mottled clay zone, 8.6 m depth; JG1-saprolite, 10 m depth. Only selected REE are plotted

here; other REE showed similar patterns).

Speciation of REE from sequential extraction

The sequential extraction experiment revealed the
percentages of total REE in each chemical phase of
representative lateritic regolith in the JG profile (Fig.

4.) Generally, the total REE distribution percentage fol-
lowed the order: Res > WAE > Am > Cry and Org. The
Res and WAE phases dominated the distribution and
abundance of REE, accounting for 89%-98% LREE,
87%-97% MREE and 91%-98% HREE. The saprolite
Res had higher percentages of MREE (85%) and HREE
(92%) than the upper mottled clay (75% MREE and 88%
HREE) and duricrust (66% MREE and 82% HREE) and
the percentages decreased from saprolite to duricrust.

In addition, the saprolite WAE had higher percentage

of LREE (13%) than the upper mottled clay (9%) and
duricrust (9%). The percentages of MREE (12%) and
HREE (7%) in saprolite WAE were lower than in the WAE
of the upper mottled clay (20% MREE and 9% HREE)
and duricrust (21% MREE and 9% HREE).

The duricrust Org had higher percentage of total
REE (1.5%) than the Org in the saprolite (0.6%) and
upper mottled clay (0.2%). The percentages of total REE
hosted in the Am phase of the durcrust (6.6%) were also
higher than in the Am phases of the saprolite (1.4%) and
upper mottled clay (1.7%). Similarly, the Cry phase in the
duricrust also had higher percentages of total REE (3.3%)
than the total REE percentage in the Cry of saprolite

(0.8%) and upper mottled clay (0.6%). In addition, in the
duricrust the percentage of REE in the Am phase (6.6%)
was higher than the percentages of REE in the Cry (3.3%)
and Org (1.5%) phases.

Discussion

Although sequential extraction schemes do not extract
chemically discrete forms of elements, the data have
revealed variation of the REE distribution in different
particle size fractions and extracted phases. Most of REE
were hosted by the residual phase, indicating that both
the abundance and distribution of REE are controlled
by mineral phases in intensely weathered regolith. SEM
imaging and EPMA analyses show that LREE are mostly
hosted by secondary phosphates ca. 2-20 um-size, e.g.
rhabdophane and florencite, and HREE are mainly
contained in weathering-resistant minerals of varied grain
size (1-100 um), e.g. xenotime, zircon and anatase in the
lateritic regolith (Fig. 5). The high concentration of REE
in the silt fraction (2-20 um) is in good agreement with the
REE-bearing mineral size in the regolith, especially LREE-
rich secondary minerals, indicating morphological and
mineralogical change from REE-bearing accessory minerals
e.g. apatite, fluorocarbonates and thorite in the parent
meta-granitoids to secondary rhabdophane and florencite
during intense weathering and lateritization (Fig. 5, Table

continued on page 10
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Figure 4. Distribution of total REE among five sequential species of representative JG regolith. (Res: residual; Cry: crystalline Fe (hydr)oxides;
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presented here).
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Figure 5. REE-bearing minerals in weathered lateritic regolith of JG profile: (a) fluorocarbonate in parent meta-granitoids; (b) and
(c) secondary minute grains of florencite and rhabdophane respectively in ferruginous nodules; (d) ilmenite with REE in ferruginous
mottled zone (elemental analyses of these minerals are listed in Table 6; Fc: REE-rich fluorocarbonate; Flo: florencite; Rbp: rhabdo-
phane; llm: ilmenite).

Table 6

Sample Element concentrations (wt%)

Si Ti Pb Th U Al Y La Ce Pr Nd Sm Eu Gd Dy Yb Lu Fe Mg Ca P S F [¢] total

a 22 003 023 064 018 044 006 208 277 285 597 052 006 027 bd bd bd 29 015 289 002 029 6.31 12.9 87.5
b 046 006 0.13 305 002 185 023 819 168 190 174 059 0.16 048 004 0.14 bd. 047 b.d. 005 7.71 0.06 065 313 921
c 008 004 054 393 09 bd 161 11.8 232 255 9.07 158 0.21 1.05 045 035 0.03 045 b.d. 024 129 b.d. 091 26.3 98.3
d bd 319 bd bd 002 bd bd b.d. bd. bd  bd bd bd bd. 218 bd. bd 277 006 bd bd b.d. b.d. 29.7 91.5

Table 6. Concentrations of REE and other elements in mineral phases in parent meta-granitoids and lateritic regolith of a profile
in Western Australia, based on electron microprobe spot analyses. Concentrations of Ho, Er, Tm and Tb are below detection limits
(b.d.). a, b, c and d represent minerals in Figure 5. a, fluorocarbonate; b, florencite, ¢, rhabdophane; d, ilmenite.

continued on page 11
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6). In addition, in the duricrust an abnormal enrichment of
Ce was observed, especially in gravel. It suggests that Ce
fractionated from other LREE and less likely to be mobile
than the other REE during formation of duricrust and iron
nodules. This agrees with high percentages of Ce in the Am
and Cry extracted phases in the duricrust.

A significant proportion of REE bound to the WAE
phase in natural uncontaminated soils is not common in
previous studies and may suggest that a large amount of
REE is bio-available in the regolith studied here. High
deficiency of REE in the profile, especially in the saprolite,
may be partially attributed to low soil pH which favors
the conversion of metals from precipitated forms into
dissolved forms (Harter 1983; Cao et al. 2001). In an acidic
environment, such as this (pH ranges from 3.3 to 4.5 from
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saprolite to mottled clay), the predominant REE phase in
solution is the free Ln3+ ion (Ln denotes REE). In the
duricrust, REE may also partially occur as LnHCO32+
complexes due to the slightly higher pH (5.1) and organic
REE complexes due to relatively higher dissolved organic
matter (total carbon 0.30%) than in the mottled clay
below (total carbon 0.08%). Extraction of adsorbed or
exchangeable REE in a spodosol profile has been reported
to be closely related to pH, in the range 4.2 to 6.5 (Land et
al. 1999).

In addition, the high proportion of REE bound to the
WAE is probably relevant to high concentrations of REE
in the clay fraction. Kaolinite and halloysite were identified
in the saprolite and mottled clay. The transformation from
kaolinite to halloysite during weathering is accompanied
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Figure 6. Normalized ratios of (La/Sm)N and (La/Yb)N in particle size fractions and sequential extracts in the JG profile developed
on meta-granitoids in Western Australia (solid vertical lines are the normalized ratios of average parent meta-granitoids; average
chondrite values were used as the reference (Anders & Grevesse 1989)

continued on page 11
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by an increase in hydration, a decrease in Si/Al ratio and
an increasing cation exchange capacity (CEC) (Tari et al.
1999). The clay sized fraction of mottled clay had higher
(La/Sm)N (12.9-14.3) and (La/Yb)N (21.0-31.3), compared
with (La/Sm)N = 8.4 and (La/Yb)N = 17.5 of averaged
meta-granitoids (Fig. 6). Chondrite values were used for
REE normalization (Anders & Grevesse 1989). These
higher ratios of LREE/MREE and LREE/HREE suggest
that clay acts an important role in trapping REE, especially
LREE. This is also supported by Cullers et al. (1987)

who showed that heavy minerals (biotite, hornblende and
sphene) in a soil developed from a granitic parent material
appeared to be altering and making LREE available to

the clay minerals forming in the soil. However, opposite
fractionation (HREE more sorbed than LREE) onto
kaolinite has also been reported (Coppin et al. 2002).
Adsorption of REE by clay is controlled by the nature

of the clay minerals, pH, ionic strength, the presence of
additional ligands such as carbonate or organic complexes,
surface coverage, and effects specific to the characteristics
of the different REE (Koeppenkastrop & Decarlo 1992,
1993; Fendorf & Fendorf 1996; Coppin et al. 2002; Piasecki
& Sverjensky 2008; Laveuf & Cornu 2009). As well as
these controls, differences in clay mineralogy can affect
fractionation of REE (Laveuf & Cornu 2009), potentially
explaining the contradictory signatures of REE adsorbed
by clay minerals. Usually, REE adsorption increases with
increasing pH (Coppin et al. 2002), which may explain the
increasing concentrations of REE in the WAE and clay
fraction from saprolite to duricrust. The lowest values of
(La/Sm)N (0.9) and (La/Yb)N (1.0) in the saprolite sand
suggest that La was substantially fractionated from Sm and
Yb and greatly depleted from the saprolite, especially in
the sand fraction. It is probable that LREE-rich accessory
minerals (e.g. fluorocarbonates and thorite), with grain
sizes ca. 100 wm, in parent meta-granitoids break down at
the initial stage of weathering. In addition, a high mass of
HREE is observed in sand from saprolite to upper mottled
clay, in contrast to most of LREE being present in clay in
these zones. This may suggest that relatively large-grained
(ca. 100 um) and weathering-resistant minerals, e.g.
zircon, anatase or ilmenite contained significant amounts
of HREE, or, alternatively, HREE may be adsorbed onto
larger-grained metal-oxide surfaces, e.g. rutile, hematite
(Piasecki & Sverjensky 2008).

The Am and Cry had higher percentages of LREE and
MREE than HREE throughout the regolith studied. In
the duricrust the Am phase had a preference for MREE
whereas the Cry showed a preference for LREE. Since
there are negligible variations in complexation constants
for the acetate ligand with various REE (Wood 1993), the
fractionation in extraction of the Cry is not caused by the
extractant solution (Land et al. 1999) in which the only
other solute is NH2OH-HCI. The reasons why Am and Cry
phases show different preferences for LREE and MREE
is not clear, but are believed to be related to pH and the
presence of other ligands such as organic complexes (Quinn

et al. 2006; Piasecki & Sverjensky 2008). The fractionation
between LREE, MREE and HREE in Fe- (hydr)oxides

is subject to debate (Laveuf & Cornu 2009) and varied
fractionation with enrichments of LREE (Koeppenkastrop
& Decarlo 1993), MREE (Bau 1999; Land et al. 1999) or
HREE (Elderfield & Greaves 1981; Marker & Deoliveira
1994) have been observed. For example, Land et al. (1999),
studying a spodosol profile, observed an enrichment of
MREE in the Am and a clear HREE enrichment relative to
the LREE in Cry and Org phases. The differences in REE
fractionation between extracted phases probably also arise
from the various proportions of the different types of Fe-
and Mn oxides present (Laveuf & Cornu 2009). The affinity
of Ce with Fe (hydr)oxides indicates surface sorption and
oxidation/coprecipitation of Ce onto Fe (hydr)oxides, which
have been examined by many authors (Davranche et al.
2004; Bau & Koschinsky 2009; Nedel et al. 2010).

The Org phase plays an important role in complexing
HREE in this study, especially in the duricrust in contrast
to the Am which have a preference for MREE. Affinity

of HREE for organic materials has been observed before
(Land et al. 1999; Aubert et al. 2004). Organic ligands form
complexes with HREE which are more stable than those
with LREE (Henderson, 1984; Sonke & Salters, 20006).

The proportion of total REE hosted by the Am is higher
than both Org and Cry phases, indicating amorphous Fe
(hydr)oxide plays a more important role than other solid
components in controlling the mobility and bioavailability
of REE in lateritic regolith.

Conclusions

A systematic study of particle size fractionation and
chemical fractionation of REE in a lateritic weathered
profile developed on meta-granitoids in Jarrahdale,
Western Australia showed that most of the REE (by mass)
had partitioned into coarse-grained material (gravel and
sand), despite the high concentrations in fine-grained (silt
and clay) fractions. This partitioning by grain size was not
consistent, however, across the REE series, with significant
fractionation occurring. For example, in the lower profile
most LREE mass was in the clay (<2 um) fraction, but
most HREE were associated with sand (>20 um). The most
significant fractionation of REE was shown by a strong Ce
anomaly in ferruginous duricrust, consistent with formation
of both ferruginous materials and the Ce enrichment
by oxidative processes such as precipitation of ferric
minerals. Particle size, sequential extraction, and electron
microprobe data were consistent with REE occurrence
being dominated, in intensely weathered regolith, by
mineral phases resistant to weathering. The dominance
of residual forms in sequential extracts supported this
conclusion, but the existence of significant REE in water
soluble, exchangeable or adsorbed forms was surprising
and was likely to be related to the low pH of regolith
materials. This study demonstrates that the distribution
and fractionation of REE within different particle size

continued on page 13
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fractions and chemically extractable species can be used
as clues for better understanding geochemical behavior of
REE in intensely weathered lateritic profiles. Both have
potential implication for pedological interpretation of the
fractionation of REE during weathering and lateritization,
especially when a particle size sorting process is involved.
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Appendix 1: Detection limits for elements determined by EMPA: a) fluorocarbonate; b) florencite; c) rhabdophane; d) ilmenite.

Sample  Detection limit (wt%)

Si Ti Pob  Th U Al \ La Ce Pr Nd  Sm Eu Gd Dy Yb Lu Fe Mg Ca P S F
a 0.01 001 0.02 002 002 001 002 004 004 003 004 002 001 002 002 002 002 001 002 001 001 001 0.07
b 0.01 0.01 0.2 0.01 001 001 001 004 003 003 003 002 001 002 002 001 002 001 001 001 001 001 0.10
c 001 001 0.02 002 002 001 002 004 004 003 004 002 001 002 002 001 002 001 002 001 001 001 0.08
d 001 001 0.01 0.01 001 001 001 003 003 004 003 005 001 002 004 001 002 001 001 001 001 001 0.12




